Four groups of 10 subjects each (English and Spanish monolinguals, and two groups of SpanishlEnglish bilinguals) produced Spanish or English sentences at speaking rates designated 'normal', 'slow', and 'fast'. Voice onset time (VaT) was measured in word-initial tokens of /p/ and /t/ found in sentence-initial, -medial, and -final words. The four groups produced comparable changes in sentence duration across the three rates. The speaking rate changes exerted less effect on the VaT in stops spoken by the Spanish than the English monolinguals. Moreover, whereas English monolinguals produced /p, t/ (with shorter VaT at a fast than at a normal rate, many Spanish monolinguals showed a trend in the opposite direction. As expected, all 10 early bilinguals produced English stops with VaT values that were similar to the English monolinguals'. They also showed speaking rate effects on VaT that were similar to those observed for the English monolinguals. 
Introduction
Many previous studies have examined the production of /p t k/ in the initial position of English words by native speakers of Romance languages such as Spanish [e.g., Caramazza et aI., 1973; Williams, 1979 Williams, , 1980 Major, 1987 Major, , 1992 Nathan, 1987; Mack, 1990; Flege, 1987 Flege, , 1991a Flege and Hillenbrand, 1984; Flege et aI., 1995; Schmidt, 1988; Schmidt and Flege, 1995] . The motivation for these studies lies in the existence of a systematic difference in how phonologically voiceless stops are realized in English and Spanish. English /p t k/ are realized as voiceless aspirated stops having longlag voice onset time (VOT) values, whereas Spanish /p t k/ are realized as voiceless unaspirated stops with short-lag VOT values [Lisker and Abramson, 1964; Abramson and Lisker, 1973; Williams, 1977] . Children who learn Spanish and English soon acquire the characteristic VOT values of their native language in producing stops, and also show corresponding perceptual differences when they identify stops differing in VOT [Flege and Eefting, 1986] .
Given these cross-language differences, a question of great interest is whether Spanish/ English bilinguals can learn to phonetically distinguish English /p t k/ from Spanish /p t k/. Previous research has suggested that the age at which English is learned as a second language (L2) will have an important influence on the production of Spanish vs. English phonetic differences.
Most if not all 'early bilinguals' who began learning English as young children come to produce English /p t k/ with VOT values resembling those of English monolinguals. However, 'late bilinguals' who began learning English in adolescence or adulthood may vary enormously in terms of their ultimate accuracy in producing English /p t k/. (Compare, for example, the findings obtained by Flege [1991a] and Grosjean and Miller [1994] .) The mean VOT values observed for late bilinguals have ranged from short-lag VOT values typical for Spanish /p t k/, to values that are similar to (or even exceed) the long-lag phonetic norm of English. (Similar intersubject variability has been observed in studies examining native English speakers' production of /p t k/ in Romance languages [Flege, 1987; Major, 1992] ).
The basis for differences among late bilinguals is uncertain, but may be due to factors such as how English was learned, the relative frequency of use of English and the Ll, the persons with whom English is customarily spoken, and amount of code switching [Flege, 1991b [Flege, , 1992 Hazan and Boulakia, 1993; Grosjean, in press] . Differences across studies in the proportion of late bilinguals who produce /p t k/ with English-like VOT values might be attributed, at least in part, to the speaking style or formality of the production sample that has been examined [Major, 1992] .
'Central representations' and 'realization rules' are theoretical constructs that have been invoked to account for differences in how accurately various Spanish/English bilinguals produce English /p t k/. In a study by Flege and Eefting [1988] , Spanish monolinguals tended to produce stops having only lead and short-lag VOT values when imitating 'as accurately as possible' the members of a continuum ranging from /da/ to /ta/. (The synthetic consonant-vowel stimuli had VOT values of -60 to 90 ms.) On the other hand, English monolinguals and Spanish/English early bilinguals produced stops with values in all three modal VOT ranges (i.e., lead, short-lag, long-lag) in the imitation task. The authors suggested that the early bilinguals were able to produce long-lag stops in the short interval between the presentation of successive stimuli because they, unlike the Spanish monolinguals, possessed a phonetic category for the long-lag /t/ of English. Flege [199la] observed that some late bilinguals produce English /p t k/ with shorter (Spanish-like) VOT values than do English monolinguals, but with longer VOT values than in their productions of corresponding Spanish stops. He hypothesized that such bilinguals may not have established a phonetic category representation for English voiceless stops. They may increase VaT somewhat in English stops (vis-a-vis the norm for Spanish stops) by applying different language-specific realization rules to a single phonetic category representation when producing the corresponding stops of Spanish and English.
Realization rules are needed independently to account for the transformations that vowels and consonants undergo in the speech of monolinguals across changes in speaking style, interlocutor, and sociolinguistically defined dialect [e.g., Trudgill, 1986; Imaizumi et aI., 1995] . For example, a wide range of acoustic-phonetic dimensions change when one attempts to speak clearly, as in the presence of noise. Lindblom et al. [1992] suggested that phonetic gestures are modulated 'adaptively' in accordance with 'online communicative and sociolinguistic demands'. One such demand for persons who are bilingual might be to modify linguistic forms in accord with (partially) perceived cross-language phonetic differences.
One problem with the account just offered is the difficulty inherent in quantifying the putatively independent effects of phonetic category representations and realization rules. For example, a late SpanishlEnglish bilingual who produced English /p/ with English-like VOT values could conceivably have done so through the use of a highly effective realization rule (i.e., one applied to either an unmodified 'Spanish' short-lag category representation, or to a 'merged' SpanishlEnglish representation [Flege, 1987] ). So too, VOT values that are too short for English might be attributed to an inaccurate (i.e., non-English) phonetic category representation just as easily as to the lack of such a representation.
The results obtained by Flege [l991a] provided some indirect support for the hypothesis that late bilinguals may use differing languagespecific realization rules to distinguish Spanish and English stops. SpanishlEnglish bilinguals produced a long sequence of alternating Spanish and English phrases in synchrony with equally spaced light flashes. The phrases had the form 'Tengo un CVC(CC)V' and 'Take a CV(CC)V(C)'. The late bilinguals, but not the early bilinguals, produced phrase-initial English /t/s with significantly shorter VOT values than did a group of English monolinguals. Despite the use of an external timing device, the interval between /t/s in successive phrases was significantly longer for the late than the early bilinguals. Subjects who possess different phonetic category representation for Spanish /p t k/ and English /p t k/ would not be expected to consume time in selecting between different language-specific realization rules for Spanish and English stops [Grosjean and Miller, 1994] . If so, then the difference between early and late bilinguals could be attributed to the use of different realization rules for English /t/ and Spanish /t/ by the late but not the early bilinguals. However, the difference between the two groups might also be attributed to a differing degree of difficulty in producing the variable words inserted into the phrases. Thus, additional tests of the hypothesized role of different category representations and language-specific realization rules are clearly needed.
One way to test for category formation might be to manipulate speaking rate. In English, the VOT of /p t k/ shortens as speaking rate increases [e.g., Summerfield, 1975; Diehl et aI., 1980; Miller et aI., 1986; Volaitis and Miller, 1992] . Miller and Volaitis [1989] observed a change in monolingual English subjects' perceptual judgments of stops differing in VaT as speaking rate was manipulated. Subjects rated the stimuli differing in VaT for goodness as exemplars of the English /p/ cate-gory. The CV stimuli in one continuum were shorter than those in the other, thereby stimulating a faster speaking rate. The subjects' preferred VOT values were shorter for stimuli in the continuum made up of relatively short CVs. This evidence of rate-dependent perceptual processing coincided with the VOT pattern seen in speech production. Flege and Schmidt [1995] used a similar speaking rate protocol in a perceptual study with SpanishlEnglish bilinguals. They observed a larger effect of speaking rate on goodness ratings for early than for late SpanishlEnglish bilinguals. The subjects in both bilingual groups were likely to have possessed the same general knowledge pertaining to the effect of speaking rate on the duration of phonetic segments. The authors therefore concluded that more of the early than late bilinguals possessed a phonetic category representation for long-lag English /p/.
Speaking rate was manipulated in the present study to assess SpanishlEnglish bilinguals' production of stop consonants in English. We started with the assumption (see below) that Spanish monolinguals would show little variation in VOT across speaking rates when producing Spanish /p t k/. We reasoned that a SpanishlEnglish bilingual who had no phonetic category for English /p t k/, but who had detected acoustic-phonetic differences between /p t k/ in English and Spanish, might be able to produce English stops with accurate VOT values simply by attempting to produce stops in English with more aspiration than is typical for Spanish /p/. (English speakers, for example, can alter their customary production of stops under instruction so as to yield longer-or shorter-than-usual VOT values [Weismer and Cariski, 1984] . Such modifications are likely under cognitive control, rather than being automatic.) Thus, if native Spanish subjects were observed to produce English stops with accurate VOT values in a list reading experiment, such a finding would not in itself provide strong support for the presence of different phonetic category representations for English /p t k/ and Spanish /p t k/. However, if SpanishlEnglish bilinguals produced English stops with VOT values that" closely matched English monolinguals' at several different speaking rates, it would suggest the presence of phonetic category representations for English /p t k/ whose outputs were modified by the adjustments in long-term parameters used to change speaking rate.
Previous research has shown that, as speaking rate increases, English /p/ and /t/ are produced with shorter, more rapid supraglottal closing gestures [Adams et aI., 1993; McClean and Clay, 1995] . Changes in articulatory displacement are largely determined by changes in the duration of phasic bursts in motor unit activity. Velocity changes are brought about by some combination of changes in motor unit firing rate, motor unit recruitment, and muscle stiffness. Important differences exist across individual talkers in the extent to which the velocity and amplitude (displacement) of supraglottal gestures change across speaking rate . Contrary to the kinematic change in supraglottal gestures, there may be an underlying invariant in the velocity of laryngeal gestures across changes in speaking rate [Munhall et aI., 1985] . However, the amplitude of laryngeal gestures used in the production of English stops may decrease as speaking rate increases Lofqvist and McGarr, 1987] . The duration of the VOT interval in wordinitial voiceless stops is influenced by three potentially independent factors: the duration of supraglottal constriction, the timing of the onset of the laryngeal devoicing gesture vis-a-vis supraglottal constriction, and the amplitude of the laryngeal gesture [W eismer, 1981; Weismer and Fromm, 1983; LOfqvist and Yoshioka, 1984] . To our knowledge, no previous study has examined the effect of speaking rate changes on laryngeal kinematics or the VOT in Speaking Rate Effects in L2 Speech Phonetic. 1996; 53:162-179 Spanish /p t k/. We assumed that VaT values in Spanish /p t k/ would be largely unaffected by speaking rate changes. Short-lag realizations of English /b d g/ show little change in VaT across rates [Miller et aI., 1986; Volaitis and Miller, 1992] . Also, Pind [1995] [Flege, 1982] rather than abducted vocal folds, as we assume to be the case for all realizations of short-lag Spanish /p t k/.) Schmidt and Fiege [1995] examined the effect of speaking rate changes on VaT in English stops produced by late Spanish/English bilinguals. The subjects were assigned to two subgroups based on their overall accuracy in producing English sentences. As expected, the proficient late bilinguals produced English /p/ with longer, more English-like VaT values than did the relatively nonproficient late bilinguals. Many proficient late bilinguals, but few of the nonproficient ones, produced /p/ with VaT values resembling those observed for English monolinguals. Subjects in both bilingual groups shortened to a similar extent the duration of the phrase (A green pea) and syllable (/pi/) containing the /p/ tokens that were measured. Unlike the English monolinguals and the proficient bilinguals, the nonproficient bilinguals did not shorten VaT significantly at the fast rate. This was probably not due to an incompressibility of VaT in the production of voiceless stops, for late bilinguals who produced /p/ with mean values of 24-52 ms closely resembled those who produced stops having mean VaT values of less than 20 ms. That is, they shortened VaT very little, if at all, at the fast compared to the normal speaking rate.
To summarize, the first aim of this study was to examine the effect of changes in speaking rate on VaT in Spanish /p/ and /t/. The results confirmed our expectation that VaT does not shorten in Spanish monolinguals' productions of /p/ and /t! as speaking rate increases. Thus, the second question of interest was whether, or to what extent, Spanish/English bilinguals would show changes in VaT across speaking rates when producing /p/ and /t/ in English. If the bilinguals produced English-like VaT values at a normal speaking rate, but differed from native English speakers at faster and slower rates, it would suggest that the accurate normal-rate values may have been produced under conscious (i.e., nonautomatic) control. However, if the bilinguals produced English stops with values similar to those of English monolinguals at all three speaking rates, it would suggest that they had established phonetic categories for English /p/ and /t! which specified long-lag VaT values. Given the evidence reviewed earlier, we hypothesized that more of the early Spanish/English bilinguals than late bilinguals would have established categories for English /p/ and /t/. Thus we expected the rate-related changes in VaT observed for the early bilinguals to resemble English monolinguals' changes to a greater extent than those of the late bilinguals. 8-20 27.1 (6.5) 18-40 26.5 (6.3) 18-38 0.6 (0.4) 0-1 CA = Chronological age; AOA = age of arrival in the US; LOR = length of residence in the US.
Method
Subjects A total of 40 individuals participated as paid volunteers. All were tested on the campus of the University of Texas at Austin after having passed a pure-tone hearing screening at octave frequencies between 250 and 4,000 Hz. Four groups were formed, each with 5 males and 5 females. The subjects in two groups consisted of Spanish/English bilinguals who differed primarily according to the age at which they had begun to learn English. Subjects in the two remaining groups will be referred to as 'monolinguals', although we readily admit that this designation is not accurate in the strictest sense. This term will be used, however, because the subjects in these two groups could not carryon even a simple conversation in any language other than their L I. (This was verified with the Spanish monolinguals by a native English-speaking experimenter, and with the English monolinguals by a Spanish-speaking assistant.) The monolingual English subjects were University of Texas students who had never lived outside the United States (US). However, some of them had studied Spanish as an academic subject for several years in high school or college. The Spanish monolinguals had been living in the US for an average of 7 months at the time they were tested. They lived in a predominantly Spanish-speaking community in Austin; some of them had studied English in school before coming to the US.
As summarized in table I, the Spanish monolinguals and late bilinguals were slightly older (mean = 27 and 32 years, respectively) than were the English monolinguals and the early bilinguals (mean = 21 and 23 years). The early bilinguals had arrived in the US at a much earlier age than had the late bilinguals (mean = 2 vs. 21 years), and had lived there longer (mean = 21 vs.
II years). All of the late bilinguals had lived in the US
for at least 8 years. Thus, any divergences between their production of English stops and those of the English monolinguals was unlikely to have been due to a lack of native English input.
Four English monolinguals were from Texas, and the remaining 6 were from elsewhere in the US (New Jersey, Indiana, Connecticut, New York). One of the Spanish monolinguals came from Spain, and the remaining 9 came from a Central or a South American country. Five early bilinguals were born in the US (Texas or California), and the remaining 5 were born elsewhere (Mexico 3, Honduras I, Puerto Rico I). Six of the late bilinguals were born in Mexico, and the remaining 4 were born elsewhere (EI Salvador, Puerto Rico, Ecuador, Argentina).
Procedure
The 40 subjects were tested individually in a quiet room. The English monolinguals and the Spanish/English bilinguals were tested in English by a single experimenter (AMS) who could not speak Spanish. The monolingual Spanish subjects were tested using instructions written and tape-recorded in Spanish. (The Spanish materials were direct translations of the English materi!lls.) Also, a native Spanish-speaking assistant was available to answer questions posed in Spanish by the monolingual Spanish subjects.
The subjects first responded to a language background questionnaire. They then participated in a speech production task, the results of which will be reported here. Finally, the 40 subjects from this study (plus 20 others) participated in two speech perception experiments reported in a companion article [Flege et aI., in press] .
A magnitude production task was used to elicit the production of sentences at three speaking rates [Lane and Grosjean, 1973] . Six English sentences were formed by inserting words beginning with !hI or Ipl
Speaking Rate Effects in L2 Speech
Phonetica 1996:53: 162-179 (viz. book. pen, bat, pill, box, pie) into a carrier sentence (viz., People see a _ Oil his table). The sentences appeared 3 times each on a written list, always in the same order, with the following legend written above each set of six sentences: 'Normal Speaking Rate' (top), 'Fast Speaking Rate' (midd]e), and 'Slow Speaking Rate' (bottom). The English monolinguals and the two groups of Spanish/English bilinguals were told to read the normal-rate sentences at their normal speaking rate, the fast-rate sentences twice as fast as they normally spoke, and the slow-rate sentences at one-half of their normal rate. (The normal, fast, and slow speaking rates will be abbreviated as N, F, and S, respectively.) When all ]8 sentences had been produced, the task was repeated, so that speaking rates varied in the following way: N, F, S, N, F, S. Each subject thus produced a total of]2 sentences at each of the three speaking rates. Similar procedures were used to elicit production by the Spanish monolinguals of comparable Spanish materials. Words beginning in /b/ or /p/ (viz., bebidas, patatas, bombolles, pasteles, bllflllelos, pizzas) were inserted into a carrier sentence (Pepe sirve las _ en las tardes).
The study focused on stops in words found in three positions within the sentence. The 'initial /pr tokens occurred in the first word of sentences, the 'medial /pr tokens in the variable test words inserted into the carrier sentences, and the 'final /tr tokens in the last word. All of the stops that were examined occurred in prestressed, word-initial position. The English and Spanish initial /p/ and final /t/ tokens all occurred in two-syllable words, whereas the medial /p/s occurred in either a onesyllab]e word (Eng]ish materials) or in two-or threesyllab]e words (Spanish materials).
The variable test words inserted into the English and the Spanish sentences were boldfaced. These words were expected to be produced with the main sentence stress, so we expected medial /p/ tokens to have longer VOT values than the initial /p/ tokens. However, syllables lengthen less under stress in Spanis~than Eng]ish [Delattre, ] 966]. It was therefore possible that the Spanish mono]ingua]s, and perhaps the Spanish/English bi]inguals, would show a smaller difference between sentence-medial and sentence-initial /p/ tokens than the English monolinguals. (The comparison of the medial vs. initial /p/ differences produced in English by the Eng]ish ':I0nolinguals and the Spanish bilinguals to differen'ces produced in Spanish by the Spanish monolinguals is complicated by the fact that the Spanish medial !est words were mu]tisyllabic, whereas the English test words were monosyllabic. However, comparisons between the English monolingua]s and the two groups of bilinguals, as well as the cross-language comparisons involving initial /p/ and final /t/, were straightforward.)
The 36 sentences (6 words x 2 repetitions x 3 rates) spoken by each subject were recorded on a cassette tape recorder (Marantz Model PMD 420) using a headmounted microphone (Shure Mode] SMIOA). The utterances were later digitized at 10.0 kHz using a Kay EIemetrics Computerized Speech Lab. The VOT of all stops was measured to the nearest millisecond by the first author using conventional techniques. VOT was measured from the beginning of the release burst in the word-initial stops to the first positive peak in the following periodic portion ('vowel') of the time-domain waveforms. Ninety VOT measurements were made for each subject: 36 tokens of initial /p/, 18 tokens of medial /p/ (because only one-half of the variable test words began with /p/), and 36 tokens of final /1/. There were no missing values. Nine mean values were then calcu]ated for each subject, one each for initial /p/, medial /p/, and final /1/ tokens spoken at the three rates.
To assess measurement reliability, all 90 stops spoken by I randomly selected subject from each group were remeasured several weeks after the first set of measurements were made. The two sets of measurements were highly correlated, with Pearson r values ranging from 0.923 to 0.991 for the 4 selected subjects. The mean difference between the two sets of measurements ranged from -0.7 to 0.2 ms. At least 85% of the 90 measurements for each subject differed by less than ±3ms.
To determine whether subjects in the four groups responded in the same way to the instructions to change speaking rate, two additional measures were made of each sentence. One was the interval between the release burst of the initial /p/ (in people or Pepe, depending on group) and the release burst of the final /t/ (in table or tal·des). The duration of this interval was expected to vary as a function of how much the test words were stressed, or the way in which stress was implemented phonetically. Also, the Spanish test words were multisyllabic, whereas the English test words were monosyllabic. We therefore measured a second interval, this one from the initial /p/ to the beginning of the bilabial stop release burst in the variable test words inserted into the sentences.
The second author transcribed the /s/ in articles (/as or los) preceding test words found in the Spanish sentences spoken by the 10 Spanish monolingua]s. As expected, nearly all of these subjects realized /s/ as [s] , as [h] , or deleted the /s/. The frequency of the three variants for /s/ appeared to depend on speaking rate. The frequency of [s] tokens decreased as speaking rate in-Voice Onset Time Figure 2 shows the mean VOT values obtained for word-initial tokens of It! found in the sentence-final words. The Spanish monolinguals produced stops with VOT values that dif- Fig. 1 . The mean duration of sentences spoken at fast, normal, and slow speaking rates by monolingual English (ME) subjects, early and late Spanish/English bilinguals, and monolingual Spanish (MS) subjects. The MS subjects produced Spanish sentences whereas subjects in the other three groups produced comparable English sentences. The error bars in this figure and those to follow bracket ± 1standard error.
Similar results were obtained when the second measure of sentence duration (i.e., the interval from initial /p/ to medial /p/ or !bf) was examined. This interval was 170 ms (24%) shorter at the fast rate than at the normal rate, and 321 ms (45%) longer at the slow than normal rate. Once again, the Group [F(3,36) = 4.25) and Rate [F(2, n) tokens that were transcribed was constant across the three speaking rates (S 23%, N 23%, F 25%). Figure 1 shows the mean duration of sentences produced at the three speaking rates. (The intervals shown here were those from the initial /p/ to the final /t/; see above.) For all four groups, slow-rate sentences were longer than normal-rate sentences, which were longer than fast-rate sentences. On average, sentences spoken at the fast rate were 375 ms (26%) shorter than were sentences spoken at the normal rate, and the slow-rate sentences were 561 ms (38%) longer than the normal-rate sentences.
Sentence Duration
The mean sentence durations obtained for the 40 subjects were submitted to a (4) Group x (3) Speaking Rate ANOV A, with repeated measures on Rate. The two-way interaction was nonsignificant [F(6,n) = 1.53, p > 0.10), which suggests that subjects in the four groups responded similarly to the instructions to change speaking rate. The main effects of Rate [F(2,n) = 105.4) and Group [F(3,36) = 5.68) were significant, however (p < 0.0 I]. A Tukey's HSD test revealed that the fast-rate sentences were significantly shorter than the normal-rate sentences, which were significantly shorter than the slow-rate sentences (p < 0.05).
The average duration of sentences spoken at all three rates by each subject was calculated. A Tukey's test revealed that the late bilinguals' English sentences were significantly longer than were the English sentences spoken by the English monolinguals and the early bilinguals (p < 0.05). Also, the Spanish monolinguals' Spanish sentences were significantly longer than were the early bilinguals' English sentences (p < 0.05). figure 3a ; the values for /p/ tokens produced in sentencemedial position are shown in figure 3b. Of the four groups, only the Spanish monolinguals produced little difference between initial and medial /p/, and showed little effect of speaking rate. The mean VaT values for /p/ were examined in a (4) Group x (2) Sentence Position x (3) Speaking Rate ANOV A, with repeated measures on the last two factors. The ANa VA yielded a significant three-way interaction [F(6,72) = 3.13; P < 0.01], which was followed up by tests of simple main effects.
Speaking Rate Effects in L2 Speech
One source of the three-way interaction was the differing effect of speaking rate observed for the four groups. As summarized in table 2, the effect of speaking rate on VaT was significant for /p/ in sentence-initial and also sen- 
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tence-medial words produced by the English monolinguals and the early bilinguals. The English monolinguals produced significant differences between all three speaking rates (F < N < S) whereas the early bilinguals did not produce a significant difference between stops at the normal and slow rates (F < N, S). For the late bilinguals and the Spanish monolinguals, the speaking rate effect was significant only for stops produced in the sentence-medial words. Moreover, Tukey's tests revealed an important difference in the nature of the speaking rate effect shown by these two groups. The late bilinguals produced /p/ with significantly shorter VOT values at the fast than slow rate, thereby resembling the English monolinguals and early bilinguals. The Spanish monolinguals, on the other hand, produced /p/ with significantly longer VOT values at the fast rate than at the slow rate. Also contributing to the three-way interaction reported earlier was the fact that the pattern of significant between-group differences varied as a function of sentence position and rate. The simple effect of Group was significant for all six possible rate x sentence position combinations [F values ranging from 15.3 to 31.4, p<O.OI]. In four instances (initial-F, ini- tial-N, medial-N, medial-S) the English monolinguals and the early bilinguals produced /p/ with significantly longer VOT values than did the late bilinguals, whose VOT values were significantly longer than the Spanish monolinguals' (p < 0.05). Fewer significant betweengroup differences were evident in the other two instances. Differences between the early and the late bilinguals were nonsignificant for initial-S and medial-F, and the late bilinguals and the Spanish monolinguals did not differ significantly for medial-F (p > O. 10). Importantly, the early bilinguals and the English monolinguals never produced /p/ with VOT values that differed significantly.
Individual Subject Data
L2 speech production research has often shown that nonnative speakers, especially groups of individuals who began learning their L2 as adults, show considerableintersubject variability. We therefore thought it important to consider the mean values obtained for individual subjects in addition to the overall group mean values considered so far. Figure 4 shows individual subject means for VOT in stops produced in the three sentence positions. These means were based on stops produced at all three speaking rates. For each subject, the VOT values of fast-rate stops and the VOT values of slow-rate stops were multiplied by constants that yielded two new means equal to that of each subject's normal-rate stops. (The VOT values for normal-rate tokens were not modified.) The overall means shown for each subject in figure 4 were thus based on a total of 12 x 3 rates = 36 VOT values for initial /p/, 36 values for final /t/, and 18 values for me-dial /p/. The means for the 10 subjects per group have been arranged in ascending order.
It can be seen in figure 4 that there was relatively little intersubject variability among the Spanish monolinguals. In nearly every instance the Spanish monolinguals produced Spanish /p/ and /t/ with VOT values in the short-lag range (i.e., 0-30 ms). There was also relatively little intersubject variability among the English monolinguals and the early bilinguals in the production of English initial /p/ and final /t/. Their mean VOT values always fell in the long-lag range (i.e., > 30 ms). The English monolinguals and the early bilinguals showed greater intersubject variability for medial /p/ than for stops produced in the other two sentence positions, probably because of differences in the extent to which the medial words were stressed under focus. As expected, substantial intersubject variability was evident among the late bilinguals. This held true for stops produced in all three sentence positions. The late bilinguals produced English stops with VOT values that spanned the range from values typical for Spanish to values typical for English.
The overall rate at which people speakwhich might be called their 'characteristic' speaking rate -varies considerably [Byrd, 1994] . It is conceivable that differences in characteristic speaking rate may have influenced VOT independently of differences in language experience or central phonetic representations. This, in turn, might affect a determination of how many bilinguals could be credited with having produced English stops with VOT values that fell within the English range.
We weighted the mean VOT values obtained for each subject at the three rates (see above) according to the mean duration of sentences they produced at the normal speaking rate. The constant used for each subject was the reciprocal of the ratio of the subject's mean normal-rate sentence duration to that of the overall mean duration of normal-rate sentences obtained from all of the subjects. (The 'sentence' durations used here were the intervals between the release burst of the sentence-initial /p/ tokens and the release burst of the stop initiating the variable test words inserted into the carrier phrase.) When these rate-adjusted VOT values were considered, all 10 early bilinguals were found to have produced English initial /p/, medial /p/, and final /t/ with mean VOT values that fell within the range of mean values obtained for the 10 English monolinguals. The means for just 3 of the 10 late bilinguals fell within the English range, however. It is uncertain what differentiated these 3 late bilinguals (l male and 2 females from Mexico) from the remaining 7 late bilinguals. These 3 subjects had arrived in the US between the ages of 16 and 21 years, and lived there from 12 to 14 years.
We also considered the size of the mean rate effects observed for each subject. The zero line in the two panels of figure 5 represents the VOT of initial /p/ tokens produced at a normal rate. Figure Sa shows the extent to which VOT was shortened at the fast compared to the normal rate. (The values have been arranged in ascending order for the 10 subjects per group.) Nine of the English monolinguals showed the expected effect, producing stops with shorter VOT values at the fast rate than at the normal rate. All 10 early bilinguals shortened VOT at the fast rate, as did 7 late bilinguals. On the other hand, 1 Spanish monolingual showed no change, and 9 produced longer VOT values in initial /p/ at the fast than at the normal rate. A similar pattern was evident for medial /p/ and final /t/. At least 9 English monolinguals, early bilinguals, and late bilinguals shortened VOT at the fast compared to the normal rate, whereas many Spanish monolinguals (7 for medial /p/, 3 for final It!) produced stops with longer VOT values at the fast compared to the normal rate.
Speaking Rate Effects in L2 Speech
Phonetica 1996;53;162-179 Figure 5b shows the extent to which subjects lengthened VaT at the slow compared to the normal rate. (The difference scores have been arranged in ascending order for the 10 subjects per group). It can be seen that there was more similarity among the four groups for a decrease than an increase in speaking rate. Eight English monolinguals produced initial /p/ with longer VaT values at the slow than at the normal rate. Five of the 10 subjects in each of the remaining groups did so also. A similar pattern was evident for final /t/ and medial /p/ as well.
Distribution olVOT Values
Flege et al. [1995] prepared frequency histograms showing the distribution of VaT values measured in stops that had been spoken by Italian/English bilinguals. A bimodal distribution was observed for 80 late bilinguals, but not for 80 early bilinguals (whose VaT values were usually English-like). Some late bilinguals produced English /p/ and /t/ with English-like long-lag VaT values, whereas others produced these stops with Italian-like short-lag VaT values. This suggested, as discussed in the 'Introduction', that some late bilinguals but not others establish new phonetic categories for the English voiceless stops (or else manage to develop highly effective realization rules).
Histograms plotting the frequency of VaT values were prepared for rate-normalized stops (see above) that the Spanish monolinguals, the two groups of Spanish/English bilinguals, and the English monolinguals had produced. The 360 values per group available for initial /p/ (10 subjects X 36) are shown in figure 6a. The distributions of VaT values for the English monolinguals and the early bilinguals were similar (modal values of 45 and 47.5 ms, respectively). Also, the distributions for the late bilinguals and the Spanish monolinguals were similar (modal values of 15 and 10 ms, respectively). The late bilinguals produced more stops with VaT values in the longlag range (> 30 ms) than did the Spanish monolinguals, but their distribution was not bimodal. Figure 6b shows the distribution of VOT values obtained for medial It I (again with 360 observations per group). The distributions for the English monolinguals and the early bilinguals were similar, with modal values of 60 and 65 ms, respectively. The distributions of the late bilinguals and the Spanish monolinguals were similar to one another, with modal values of 20 and 25 ms, respectively. There was no evidence of a bimodal distribution for the late bilinguals although, once again, subjects in this group produced some stops with VOT values in the long-lag range.
Discussion
The first aim of this study was to assess the effect of speaking rate changes on Spanish monolinguals' productions of word-initial voiceless stops. A group of Spanish monolinguals, along with a group of English monolinguals and two groups of Spanish/English bilinguals, produced Spanish (or English) sentences at speaking rates designated 'normal', 'fast', and 'slow'. The English sentences produced by the English monolinguals and the Spanish/English bilinguals were comparable to the Spanish sentences produced by the Spanish monolinguals. VOT was measured in word-initial stops in the Speaking Rate Effects in L2 Speech Phonetica 1996; 53: 162-179 first word of sentences (designated 'initial /pn, in variable words inserted into the sentences ('medial /pn, and in the last word of the sentences ('final /tt). The subjects in all four groups shortened sentences in a comparable fashion at the fast rate compared to the normal rate, and lengthened sentences at the slow rate.
The English monolinguals showed the expected effect of rate on VOT. They produced final (English) /t/ with significantly shorter VOT values at the fast rate than at the normal rate, and with significantly longer VOT at the slow rate compared to the normal rate. (Similar rate effects were obtained for medial /p/ and initial /p/.) The Spanish monolinguals, on the other hand, showed relatively little effect of speaking rate in producing Spanish /p/ and /t/. They did not show a significant VOT effect for (Spanish) final /t/ or initial /p/, but they did show a significant effect for (Spanish) medial /p/. However, whereas the English monolinguals produced medial /p/ with significantly shorter VOT values at the fast rate than at the slow rate, the Spanish monolinguals showed a significant effect for medial /p/ that went in the opposite direction. That is, they produced medial /p/ with significantly longer VOT values at the slow rate than at the fast rate.
Inspection of mean VOT values obtained for individual subjects revealed that many of the Spanish monolinguals produced /p/ and /t/ with longer, not shorter, VOT values at the fast compared to the normal rate. The Spanish monolinguals' failure to produce stops with relatively shorter VOT values at the fast rate may be related to the fact that their Spanish stops had short-lag VOT values. That is, they may not have been able to produce stops with shorter VOT values at the fast rate because of physiological limitations, not because they were unable to alter their production of stop consonants across speaking rates. This hypothesis was supported by the observation that the Spanish monolinguals produced stops with longer VOT values at the slow rate compared to the normal rate.
The cause of the paradoxical lengthening of VOT at the fast compared to the normal rate by the Spanish monolinguals is uncertain. To understand this effect, it will be necessary to obtain data relevant to the timing and kinematics of laryngeal and supralaryngeal gestures in stops produced by Spanish monolinguals. Future research should examine the production of /p t k/ in both stressed and unstressed syllables, and control carefully for variation in adjacent phonetic segments (see 'Method' section) as well as in larger prosodic contexts. Although we are aware of no direct evidence for Spanish, it seems reasonable to think that the onset of the laryngeal devoicing gesture occurs somewhat sooner with respect to the onset of supraglottal constriction for Spanish /p t k/ than for English /p t k/ [Yoshioka et aI., 1986; Lofqvist and McGarr, 1987; Lofqvist and Yoshioka, 1984; Weismer, 1981; Weismer and Fromm, 1983] . One hypothesis worth considering is that the Spanish monolinguals preserved the timing of the laryngeal devoicing gestures with respect to the period of supraglottal constriction, but shortened the duration of supraglottal constriction at a fast rate. This hypothesis assumes that the amplitude of the Spanish monolinguals' laryngeal devoicing gestures was held constant across speaking rates. (There is some evidence that this same assumption may not hold true for native speakers of English LOfqvist and McGarr, 1987] .)
The second aim of this study was to assess the effect of speaking rate on VOT in English voiceless stops produced by two groups of Spanish/English bilinguals. The 'early bilinguals' had begun to learn English as young children, whereas the 'late bilinguals' began learning English as adults. Apparently as the result of cross-language phonetic interference, the Spanish-English bilinguals -especially the late bilinguals -showed somewhat less effect of speaking rate on VOT in their production of English stops than did the English monolinguals. As expected [Flege, 1991 a; Flege et aI., 1995] , the early bilinguals produced English stops with VOT values that closely resembled those of the English monolinguals. Their VOT values did not differ significantly from the English monolinguals' at any of the three speaking rates. The early bilinguals produced shorter VOT values at the fast rate than at the normal and slow rates, but they did not produce a significant VOT difference between slow-and normal-rate stops. As discussed in the 'Introduct ion', these findings support the hypothesis that early learners of English L2 establish phonetic categories for English /p t k/.
The results obtained for the late bilinguals were consistent with the hypotheses that fewer late bilinguals than early bilinguals establish phonetic categories for English /p t k/, and that late bilinguals manage to produce English stops with somewhat longer VOT values than corresponding L I stops through the use of language-specific phonetic realization rules. The late bilinguals did not show a significant fast vs. normal rate difference nor a slow vs. normal rate difference. (However, they did produce English stops with significantly longer VOT values at the slow rate than at the fast speaking rate.) The late bilinguals' VOT values for final /t/ were significantly shorter than the English monolinguals' and the early bilinguals' at all three speaking rates. (The late bilinguals also produced initial /p/-F, initial /p/-N, medial /p/-N, and medial /p/-S with significantly shorter VOT values than did the English monolinguals and early bilinguals.) However, learning English had clearly influenced the late bilinguals' production of stops. The late bilinguals produced English /p/ with significantly longer VOT values than the Spanish monolinguals produced in Spanish /p/ in five of six possible instances. In one of three possible instances for final /t/ (viz., the slow speaking rate), the late bilinguals produced significantly longer VOT values than did the Spanish monolinguals.
The late bilinguals' mean VOT values for English stops ranged from values similar to the mean observed for the 10 Spanish monolinguals, to the mean observed for the 10 English monolinguals. Three of the 10 late bilinguals produced English stops with mean VOT values that fell within the range of mean values obtained for the 10 English monolinguals. It was uncertain why just these 3 late bilinguals seemed to have produced English stops in a native-like fashion. Perhaps they, unlike the other late bilinguals, established separate phonetic categories for English /p t k/. However, a frequency histogram did not reveal a bimodal distribution of VOT values for the late bilinguals taken as a whole, as was the case in a recent study examining a much larger number of Italian/English late bilinguals [Flege et aI., 1995] .
One incidental finding of this study was the preliminary evidence it provided that early but not late bilinguals may learn to produce stress in an English-like fashion. VOT values were generally longer in medial /p/ than initial /p/. This is because the medial /p/ tokens were found in words that varied from sentence to sentence, and were thus likely to carry main sentence stress. The English monolinguals and early bilinguals produced significantly greater VOT differences between medial /p/ and initial /p/ (mean = 31 and 19 ms, respectively) than did the late bilinguals (mean = 9 ms) or Spanish monolinguals (mean = 0.7 ms). Previous research has shown that syllable durations increase less under stress in Spanish than English [Delattre, 1966] . Thus, the late bilinguals may have increased syllable durations less under stress in English than did the English monolinguals or the early bilinguals because of crosslanguage phonetic interference. Alternatively, they may have stressed words less under focus than did the English monolinguals or early biSpeaking Rate Effects in L2 Speech linguals. Additional research is needed to distinguish between these two interpretations.
In summary, changes in speaking rate exerted less influence on vaT values in voiceless stops spoken by Spanish monolinguals than on stops spoken by English monolinguals. The English monolinguals produced /p t/ with shorter VaT at a fast rate than at a normal rate, whereas many Spanish monolinguals showed changes in the opposite direction. Early SpanishlEnglish bilinguals produced English /p t/ with VaT values that were similar to those of the English monolinguals, and showed speaking rate effects that were similar (but not identical) to the English monolinguals' effects. Late bilinguals, on the other hand, produced English /p t/ References with much shorter VaT values than did the English monolinguals, and showed much less effect of speaking rate. However, the late bilinguals' performance was quite variable, with 3 of the 10 producing English stops with mean values that fell within the English range,
